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In light of the era of microbial drug resistance, the current study aimed to better understand the relation-
ships between sequence, higher-order structure, and mechanism of action for five designed peptides against
multidrug-resistant (MDR) pathogens. All peptides studied were 15 residues long, were polycationic, adopted
alpha-helical structures within hydrophobic environments (excluding the D-amino acid-substituted peptide
MA-d), and contained N-terminal glycine residues, a novel antimicrobial peptide (AMP) design principle.
Increasing hydrophobicity enhanced MICs (<500 �g/ml to <7.4 �g/ml) without significantly increasing
hemolytic activity (18% maximum hemolysis at 3,400 �g/ml). To the best of our knowledge, this is the first
study to have successfully adapted and used a transmission electron microscopy (TEM) immunogold method
to investigate the mechanism of action of short (�15 residues long) AMPs within bacteria. We propose a
“floodgate” mechanism to possibly explain membrane deformation and the relative absence of membrane-
associated peptides 10 h into incubation.

Infectious diseases account for approximately 13.3 million
deaths worldwide each year (34). With the increasing emer-
gence of multidrug-resistant (MDR) microorganisms, the de-
mand for new and more effective antimicrobial agents has
never been more urgent. The design of antimicrobial peptides
(AMPs) has gained recent attention as a potential solution to
the problem of microbial drug resistance, as designed AMPs
have been reported to kill MDR organisms rapidly via highly
complicated mechanisms of attack (41). It is hypothesized that
AMPs may buffer the rate of formation of MDR organisms by
employing modes of action that are largely unrecognizable to
many pathogenic defense mechanisms (11). Although it is
tempting to assume that engineered AMPs will someday rev-
olutionize the drug industry, their design, medical implications,
and mechanisms of action are far from being understood com-
pletely.

AMPs are virtually ubiquitous in nature (9). Initially, the
evolutionary role of AMPs was thought to be limited to innate
immunity and their unrivalled ability to interact with and dis-
rupt the membranes of invading pathogens (31). However, in
addition to serving as membrane and/or metabolic disruptors
of invading viruses, bacteria, fungi, and protozoa, many AMPs
also serve as immunomodulatory and signaling agents (20),
factors that will undoubtedly shape the future of de novo-
designed (chemically synthesized) AMPs by adding yet another

layer of complexity to the already obscure list of AMP design
principles. De novo-designed AMPs are generally designed to
mimic those found in nature, most of which are polycationic
(net charge of �2 to �9), short (6 to 50 residues), and amphi-
pathic (19, 20). In particular, the most abundant AMP class
adopts an organized, amphipathic alpha-helix in hydrophobic
environments such as the lipid bilayer and an unorganized,
flexible structure in hydrophilic environments such as the cy-
tosol (20).

Despite their broad spectrum of activity, some alpha-helical
AMPs have been reported to target pathogenic membranes
over mammalian membranes, an important characteristic that
may be attributed to differences in the relative distribution
and/or concentrations of specific membrane components as
well as in membrane rigidity and overall hydrophobicity (25,
32). In addition, Gram-positive and Gram-negative bacteria
contain negatively charged teichoic acids and the acidic lipo-
polysaccharide (LPS) layer, respectively. According to the self-
promoted uptake theory, alpha-helical AMPs displace cations
such as Mg2� and Ca2� on the outer acidic surfaces of bacte-
ria, thereby creating an electrostatic “crack” that facilitates
their access to the cytoplasmic membrane (20). Once self-
promoted uptake has occurred, alpha-helical AMPs may cause
membrane depolarization and subsequent lysis through the
formation of highly organized transmembrane pores, dynamic
peptide-lipid aggregates, and/or disorganized micelle-like com-
plexes (27, 36). Some AMPs may even spontaneously and
randomly “flip” into the cytosol (30) upon interacting with the
head groups of specific cytoplasmic lipids and/or by establish-
ing nonspecific nonpolar/polar interactions with cytoplasmic
lipids and possibly even proteins. This mechanism appears to
be particularly rare among alpha-helical cationic AMPs (30),
but it may be an important route of cytosolic entry once a
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significant amount of membrane disorder has been established
by nearby membrane-bound AMPs.

Using molecular dynamic simulations and mathematical
modeling, it was recently hypothesized that alpha-helical
AMPs may exert a complicated sequence of distinct curvature
strains upon the cytoplasmic membrane, eventually leading to
the formation of small (�1.5 to 5 nm in diameter), highly
disordered, and dynamic toroidal pore aggregates, in contrast
to the larger and more established lytic pores predicted by the
traditional toroidal model of AMP attack (16, 24, 36). Accord-
ing to the traditional toroidal model, lytic pores are lined with
the hydrophilic side chains and bound lipid head groups of
AMPs. In the current study, we propose that short (�15 resi-
dues) alpha-helical AMPs may rapidly form short-lived to-
roidal “gaps” composed of small peptide aggregates during the
early stages of AMP attack: membrane-bound peptides stress
the hydrophobic/electrostatic-rich information of available
membrane components, leading to the rapid recruitment of
nearby unbound peptides. This “floodgate” mechanism might
be limited, in theory, as the number of peptides available for
pore formation decreases over time.

MATERIALS AND METHODS

Peptide synthesis and purification. Peptides were synthesized using standard
Fmoc solid-phase peptide synthesis (SPPS) techniques on an automated Applied
Biosystems model AB1 431A peptide synthesizer. All solvents, coupling reagents,
and protected amino acids were purchased from Advanced Chemtech (Louis-
ville, KY). Prior to cleavage reactions, the N terminus of each resin-bound
peptide was acetylated by adding 5 ml Ac2O with 1 ml N-methyl-2-pyrrolidone
(NMP). The reaction mixture was stirred for 2 h and then vacuum filtered
through a medium-pore-size fritted glass funnel. Cleavage of the C-terminal rink
resin with 10 ml of 2,2,2-trifluoroacetic acid (TFA) (95:5 TFA:H2O) for �10 h
yielded a C-terminal amide, and unprotected peptide was recovered via vacuum
filtration through a medium-pore-size fritted glass funnel with dichloromethane
(DCM) washings (3 times with 10 ml each). The filtrate was rotary evaporated,
and 10 ml of cold diethyl ether was added. Three extractions with H2O (20 ml
each) were performed on each peptide. Peptides were purified using a Waters
PrepLC 4000 system with a C18 reverse-phase column (250 � 21.20 mm, 300-Å
pore size, 10-�m particle size). Prior to injection (1 ml), samples were filtered
through a 0.45-�m nylon syringe filter (Phenomenex). Samples were run at a flow
rate of 10 ml min�1, using helium-sparged filtered H2O (0.1% TFA) and high-
performance liquid chromatography (HPLC)-grade acetonitrile (0.05% TFA)
gradients. The UV detector was set at 220 nm. Purified samples (�95% pure)
were then rotary evaporated, and 1 ml from each sample was vacuum centrifuged
overnight (45°C) on a Vacufuge 5301 centrifugal vacuum concentrator. Peptide
masses were confirmed by running samples on a Perseptive Biosystems Voyager
Elite matrix-assisted laser desorption ionization–time of flight mass spectrometer
(MALDI-TOF MS) with delayed extraction, using 50 �M cinnamic acid in 1:1
H2O:MeCN (0.1% TFA) as the matrix (Table 1), and peptides were determined
to be �95% pure by analytical reverse-phase HPLC. A Bio-Rad protein con-
centration kit using a Lowry (5) colorimetric assay was used to determine peptide
concentrations. Absorbance was measured at 750 nm using a Cary UV-visible
spectrophotometer.

CD spectroscopy and 1H nuclear magnetic resonance (NMR) spectroscopy. A
Jasco J-810 spectrometer was used to record circular dichroism (CD) spectra at
the University of British Columbia (UBC) Laboratory of Molecular Biophysics.
Samples were analyzed in triplicate under hydrophilic (50 mM phosphate buffer)
and hydrophobic (50 mM phosphate buffer with 50% trifluoroethanol [TFE])
conditions with final peptide concentrations of �50 �M. Three scans were
averaged and subtracted from a background scan to produce final spectra. Final
spectra were normalized to the mean residue ellipticity (�) as defined by the
following equation: � � �obs/10lcn, where �obs is the observed ellipticity (mdeg),
l is the path length (cm), c is the peptide concentration (mol liter�1), and n is the
number of residues in the peptide. The average error was 	5%. Individual
samples were run three different times to ensure reproducibility.

For NMR, a 500-MHz Bruker Avance AMIII 500 spectrometer and a TXI
probe with H2O suppression were used. Samples were dissolved in 9:1 sodium
phosphate buffer (50 mM; pH 7.0)-D2O with a final peptide concentration of
�1.5 mM.

Antimicrobial activity. Test microorganisms (Gram-positive Staphylococcus
aureus and methicillin-resistant Staphylococcus aureus [MRSA], Gram-nega-
tive Escherichia coli, Pseudomonas aeruginosa, and Salmonella enterica sero-
var Enteritidis, and eukaryotic Candida albicans) were grown to mid-loga-
rithmic phase in Mueller-Hinton broth on an orbital shaker (37.5°C, 175 rpm)
and diluted to a 0.5 McFarland standard with a final volume of 1 ml. De-
creasing concentrations of peptide (1,000 �g/ml to 0.01 �g/ml) were incu-
bated and shaken with microorganisms (24 h, 37.5°C). Absorbances were read
at 400 nm in duplicate, using an LKB Novaspec II spectrophotometer (Phar-
macia). The MIC was defined as the concentration resulting in �85% killing
of the initial inoculums. All samples were prepared in triplicate and run three
separate times to ensure reproducibility.

Hemolytic activity. Minimum inhibitory hemolysis was defined as �85% he-
molysis of erythrocytes. Erythrocytes were washed (and subsequently centri-
fuged) five times with 100 mM sodium phosphate buffer (pH 7.4). Cells were
diluted 10-fold to produce a stock solution containing �5 � 108 cells/ml. A 1%
Triton X-100 solution was used as a positive control, whereas 100 mM sodium
phosphate buffer (pH 7.4) was used a negative control and blank. Increasing
concentrations of peptides were incubated with erythrocytes (1 h, 37.5°C). Sam-
ples were gently inverted 10 times 30 min into incubation. Samples were centri-
fuged for 5 min at 14,000 rpm, and the amount of hemoglobin in each superna-
tant was measured at 541 nm. All samples were prepared in triplicate and run
three separate times to ensure reproducibility. Percent hemolysis was defined as
follows: [(sample absorbance � phosphate buffer absorbance)/Triton X-100 ab-
sorbance] � 100.

TEM immunogold method. Staphylococcus aureus was grown to mid-logarith-
mic phase in Mueller-Hinton broth. Peptide (1,000 �g/ml)-containing cultures
were incubated with shaking (10 h, 37.5°C). Samples were then centrifuged
(5,000 rpm, 5 min), and the supernatant was discarded. A 1-ml portion of
Karnovsky’s fixative solution (4% paraformaldehyde, 5% glutaraldehyde, 2.5
mM phosphate buffer [pH 6.8]) was added, and samples were mixed gently for
5 h on a rotator. Samples were then centrifuged (5,000 rpm, 5 min), and excess
fixative solution was discarded. A 1-ml aliquot of 0.1% glycine solution was
added, and samples were inverted gently for 1 h. Samples were centrifuged again
(5,000 rpm, 5 min), and the supernatant was discarded and suspended in 0.5 ml
of liquid low-melting-point agarose (cooled to 45°C). Once the samples solidi-
fied, the gels were removed, dehydrated in increasing concentrations of ethanol
(30%, 50%, 70%, and 90% ethanol for 20 min each and, finally, 100% anhydrous
ethanol [thrice] for 20 min each time), placed in the following solutions, and
inverted gently: 1:1 solution of LR White resin and 100% anhydrous ethanol (1
h), 3:1 solution of LR White resin and 100% anhydrous ethanol (1 h), and 100%
LR White resin (twice for 3 h each). Samples were then transferred to Beem
tubes (1 sample/tube), and tubes were filled with LR White-accelerator solution
(2 drops of accelerator per 10 ml of LR White). Samples were left overnight to
solidify. The primary antibody was prepared by GenScript Corp. (Piscataway,
NJ) via immunization of rabbits with peptide. Immunolabeling and staining were
performed according to the methods of Ross Friedman et al. (33). A Leica EM
IGL automated immunogold labeling system (Leica, Richmond Hill, Canada) at
the UBC was used for immunolabeling. Grids containing �50-nm sections (�15
median sections were made for the treatment and each control; only 1 median
section was produced per cell) were treated with a 1% bovine serum albumin–0.1
M phosphate buffer solution (pH 7.4) for 30 min and then incubated with
1:25-diluted anti-MAw-1 for 1 h. Sections were then rinsed in 1% bovine serum
albumin–0.1 M phosphate buffer (three times for 10 min each) and incubated
with 1:100-diluted 10-nm colloidal gold anti-rabbit (Pelco International) for 1 h.
Sections were visualized with 2% aqueous uranyl acetate (20 min). Sato’s lead
was used as the counterstain for enhanced resolution. The following controls

TABLE 1. Yields of purified peptides and MALDI-MS
characterization of de novo-designed peptidesa

Peptide Yield (%) Mass (Da)

Pep-1 82 1,764
MA-d 80 1,764
MAw-1 79 1,895
MAw-2 78 1,967
MAw-3 81 2,038

a Calculated and experimental masses agree within 1 Da.
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were prepared: (i) no peptide-no primary antibody-secondary antibody, (ii) no
peptide-primary antibody-secondary antibody, and (iii) peptide-no primary an-
tibody-secondary antibody. Images were taken by transmission electron micros-
copy (TEM) using a Hitachi model H-7600 electron microscope (80 kV) (Hita-
chi, Tokyo, Japan).

RESULTS

Peptide design and synthesis. Alignment studies have shown
that �70% of naturally occurring AMP N-terminal amino ac-
ids are glycine residues (42). Despite this fact, the incorpora-
tion of N-terminal glycine residues has yet to be acknowledged
as an important AMP design principle. Helical propensity, the
thermodynamic “ease” with which an amino acid (and result-
ing peptide) will spontaneously form an alpha-helix, has been
reported to play an important and complicated role in AMP
bioactivity (8). Specifically, every amino acid has an associated
helical propensity value, ranging from the highest propensity
value for alanine to the lowest propensity value for glycine,
excluding proline (28). Glycine residues therefore serve as
alpha-helix breakers in that they disrupt alpha-helix formation
(17). Thus, by incorporating glycine residues at the N terminus
of each peptide, it was hypothesized that glycine would “cap”
the peptides and prevent them from losing their helicity or
“unraveling” within pathogenic cells (Table 2). To the best of
our knowledge, this design principle has never before been
investigated as a means to enhance the bioactivity of alpha-
helical AMPs. The overall helix dipole of each AMP was pro-
tected via the incorporation of acetylated and amidated N and
C termini, respectively (23).

As a general AMP design principle, the number of hydro-
phobic residues is proportional to hemolytic and antimicrobial
activities and the number of positively charged residues is
proportional to antimicrobial activity and inversely propor-
tional to hemolytic activity (2, 26). Cationic AMPs are com-
posed of �50% hydrophobic residues (30). Positively charged
residues may buffer the hemolytic effect of hydrophobic resi-
dues, and in order to minimize cytotoxicity, the hydrophilic/
hydrophobic residue ratio of the de novo AMPs was elevated
substantially, such that each peptide had a charge of �8 and a
total hydrophobicity count of �37%.

To determine how important helicity was to AMP bioactiv-
ity, helicity was disrupted through the incorporation of sym-
metrically distributed D-amino acids (MA-d). The Boman in-
dex estimates the potential for a protein to bind to other
proteins (4). In other words, a high Boman index value indi-

cates that an AMP will be multifunctional or play a variety of
different roles within the cell due to its ability to interact with
a wide range of proteins. All of the AMPs used in this study
were designed to have intermediate Boman index values ac-
cording to the online Antimicrobial Peptide Database (http:
//aps.unmc.edu/AP/main.php). Other design principles taken
into account included the symmetrical distribution of amino
acids and the presence of lysine repeats. Lysine repeats (posi-
tioned every fourth or fifth position) are common among nat-
urally occurring alpha-helical AMPs such as the lycotoxins and
magainins, and they are believed to be important for establish-
ing peptide-membrane interactions (40). Following their de-
sign, peptides were synthesized using standard Fmoc SPPS
techniques on an automated peptide synthesizer as outlined by
the manufacturer (yields were �80%) (see Materials and
Methods).

Structural characterization. CD was used to evaluate pep-
tide secondary structure. Strongly alpha-helical peptides pro-
duce large negative bands at �222 nm and �208 nm and a
large positive band at �193 nm (12, 18). Each peptide was
analyzed in hydrophilic (phosphate buffer) and hydrophobic
(phosphate buffer with TFE) environments to predict its struc-
ture within the cytoplasmic membrane and cytosol of patho-
gens, respectively (Fig. 1). Pep-1 contained two glycine caps as
well as the largest number of helix-stabilizing amino acids such
as leucine, and it was therefore predicted that this peptide
would exhibit the highest degree of helicity. It was also pre-
dicted that increasing the number of tryptophan substitutions
for leucine and/or glycine residues would decrease helicity.
Figure 1 supports these predictions. MAw-1 showed the high-
est degree of helicity among the three tryptophan-substituted
peptides, followed by MAw-2 and then MAw-3. With the ex-
ception of the extended peptide MA-d, all of the peptides
adopted a more helical structure in TFE, as demonstrated by
larger signals. The weak signal produced by MA-d is charac-
teristic of a random coil (12).

One-dimensional 1H NMR is a simple diagnostic tool that
may be used to elucidate peptide structure and flexibility.
Slowly exchanging amide protons typically confer distinct sig-
nals between 7 and 11 ppm (7, 29, 39). In Fig. 2a, the overlap-
ping signals of MA-d clearly show that it is a highly flexible
molecule with a poorly defined secondary structure that is not
alpha-helical. The poorly defined amide region of MA-d sup-
ports a random coil secondary structure, which is consistent
with its undefined CD spectrum. As predicted, MAw-1 exhib-

TABLE 2. Overall characteristics of the five de novo-designed peptidesa

Peptide Sequenceb

Secondary structure
Boman index

(kcal/mol)

Total proportion (%)c

Aqueous
environment

TFE
environment HB HP Gly Trp

Pep-1 CH3CO-GKKLLKKLKKLLKKG-NH2 
-Helix 
-Helix 1.19 33 53 13 0
MA-d CH3CO-GKKLLKKLKKLLKKG-NH2 Extended Extended 1.10 33 53 13 0
MAw-1 CH3CO-GKKLLKKLKKLLKKW-NH2 
-Helix 
-Helix 1.10 40 53 6 6
MAw-2 CH3CO-GKKLLKKLKKLWKKW-NH2 Partial 
-helix 
-Helix 1.27 40 53 6 13
MAw-3 CH3CO-GKKLLKKWKKLWKKW-NH2 Partial 
-helix 
-Helix 1.44 40 53 6 20

a CD and one-dimensional 1H NMR were used to determine peptide secondary structure. Each peptide was analyzed in aqueous (phosphate buffer) and hydrophobic
(phosphate buffer with TFE) environments to predict its structure within the cytoplasmic membrane and cytosol of pathogens, respectively.

b Underlined amino acids are D-amino acids. Amino acids in bold are tryptophan substitutions.
c HB, HP, Gly, and Trp, total percentages of hydrophobic, hydrophilic, glycine, and tryptophan residues, respectively.
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ited a greater separation of signals within the amide region
(which is indicative of an alpha-helical structure) than MA-d,
due largely to the absence of helix-disrupting D-amino acids
(Fig. 2d). Among the three tryptophan-containing peptides,
MAw-1 demonstrated the least conformational flexibility (it
was quite alpha-helical even in an aqueous environment, ac-
cording to its CD spectrum), as supported by the presence of
only one tryptophan NH signal, at �10.2 ppm. Because
MAw-2 and MAw-3 produced more tryptophan NH signals
(�10 ppm) than expected (Fig. 2c and b, respectively), they
likely populated more than one conformation in solution. This
is in agreement with the smaller amount of alpha-helicity ob-
served in an aqueous environment in their CD spectra. It is
likely that the secondary structures of MAw-2 and MAw-3
alternate between an alpha-helix and a random coil conforma-
tion.

Antimicrobial activity. Using a turbidity assay, it was deter-
mined that the peptides (with the exception of MA-d) were
active against a wide range of different microorganisms (Table
3). Pep-1 was most active against Gram-negative S. enterica
serovar Enteritidis (�500 �g/ml) and Gram-positive P. aerugi-
nosa (�500 �g/ml). To study the importance of helicity in the
bioactivity of these AMPs, MA-d was created. As predicted,
disrupting the strongly helical nature of Pep-1 resulted in the
complete suppression of its antimicrobial activity. The fact that
MA-d did not kill any microorganisms suggests that the mech-

anism of action of Pep-1 (and possibly that of the three tryp-
tophan-substituted AMPs) relies on a high degree of helicity
during some stage of attack. Increasing the number of trypto-
phan residues greatly enhanced the antimicrobial activity of
Pep-1. MAw-1 was effective against every test microorganism
except for E. coli, with MICs of �100 �g/ml. MAw-2 and
MAw-3 were both effective against E. coli (MICs of �530
�g/ml and �74 �g/ml, respectively) as well as every other test
microorganism, except for MRSA. Both MAw-2 and Maw-3
were active against C. albicans, with MICs in the �g/ml range.

Figure 3 shows an interesting and unpredicted phenomenon
that occurred with MRSA–MAw-1 and P. aeruginosa–MAw-1
samples: MAw-1 lysed more P. aeruginosa cells at a lower
concentration (100 �g/ml) than at a higher concentration
(1,000 �g/ml). This phenomenon was also observed with the C.
albicans–MAw-2 sample as well as with all MAw-3 samples
except the MRSA–MAw-3 sample. In these cases, higher con-
centrations of peptide may have triggered the activation of one
or more microbial defense mechanisms.

Hemolytic activity. Tryptophan is particularly prevalent
among naturally occurring AMPs, and it has been shown to
increase both the antimicrobial and hemolytic activities of
AMPs due to its ability to interact strongly with hydrophobic
membrane components (35, 43). It was therefore predicted
that MAw-3 would exhibit the highest percentage of hemolysis,
followed by MAw-2, MAw-1, and Pep-1/MA-d. Pep-1 and its
D-amino acid-substituted derivative MA-d were predicted to
display similar hemolysis curves. D-Amino acids have been

FIG. 1. Overlay of individual peptide CD spectra at �50 �M in
aqueous (phosphate buffer) and hydrophobic (phosphate buffer with
TFE) environments (pH 7; 20°C). All of the peptides are alpha-helical,
with the exception of MA-d, which has a CD curve characteristic of a
random coil. As the number of tryptophan residues in the peptide
sequences was increased, a decrease in alpha-helicity was observed.
TFE was found to increase the helicity of all peptides except for MA-d.

FIG. 2. Expansions of amide regions of 500-MHz 1H NMR spectra
for MA-d (a), MAw-3 (b), MAw-2 (c), and MAw-1 (d) at �1.5 mM in
10% D2O–45 mM phosphate buffer (pH 7.0) at 20°C. The overlapping
signals of MA-d (a) show that it is a highly flexible molecule with a
poorly defined secondary structure that is not alpha-helical. MAw-1
exhibited a greater separation of signals within the amide region (in-
dicative of an alpha-helical structure) than did MA-d, due largely to
the absence of helix-disrupting D-amino acids. Among the three tryp-
tophan-containing peptides, MAw-1 (d) demonstrated the least con-
formational flexibility, as supported by the presence of only one tryp-
tophan NH signal, at �10.2 ppm. MAw-2 and MAw-3 (c and d,
respectively) produced more tryptophan NH signals (�10 ppm) than
expected and therefore likely have more than one conformation in
solution.
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reported to lower the hemolytic activity of AMPs (8), and it
was found that MA-d was only slightly more hemolytic than
Pep-1 (1.0% versus 0.3% hemolysis) (Fig. 4). This could have
resulted from the increased flexibility in structure for MA-d,
allowing for a higher probability of the establishment of non-
specific electrostatic interactions and subsequent translocation
through the outer leaflet of erythrocytes. The hemolytic activ-
ity was highest with MAw-3 (18%) and (unexpectedly) with
MAw-1 (17%), although in both cases hemolysis was minimal.
Recall that increases in hydrophobicity and helicity (8) have
been shown to increase the hemolytic activity of AMPs (29, 35,
43). MAw-1 was the most helical of the three tryptophan-
substituted AMPs, as demonstrated by its NMR and CD
(TFE) spectra. However, helicity cannot be wholly responsible
for the enhanced hemolytic activity of MAw-1, as the most
helical peptide (Pep-1) produced the lowest percentage of
hemolysis.

All active peptides exhibited �5% hemolysis at their MICs,
and thus their pharmaceutical potential is promising (no he-
molytic index could be calculated because the active peptides
did not reach 100% hemolysis at the concentrations tested).

TEM. To the best of our knowledge, TEM immunogold
analysis has never been used to localize short (�15 amino acids
in length) alpha-helical AMPs within bacterial cells. Figure 5
contains representative TEM images of S. aureus after 10 h of
incubation with MAw-1. Upon initial investigation, it was im-
mediately noted that the cytoplasmic membrane, peptidogly-
can layer, and outer acidic surfaces of peptide-treated cells
(Fig. 5c to e) were deformed in comparison to the round
appearance of control cells (Fig. 5a and b). Peptide-treated
cells no longer appeared to be undergoing replication, as in-
dicated by the disappearance of the binary fission division line.
Interestingly, there were few MAw-1 peptides associated with
the bacterial membrane. Despite this fact, Fig. 5c to e show
widespread membrane deformation. Figure 5e shows the few
peptides that were closely associated with the cytoplasmic

membrane, designated by black boxes. Membrane-associated
peptides in Fig. 5e seem to be positioned next to small mem-
brane folds (black arrows) that may represent an aggregation
of previously established (�10 h of incubation) toroid-like
pores. From Fig. 5, it would appear that MAw-1 does not
interact preferentially with DNA.

DISCUSSION

In this study, we investigated the relationships between se-
quence, secondary structure, and mechanism of action for de
novo-designed alpha-helical polycationic peptides. Taken to-
gether, the NMR and CD data determined that Pep-1 was
highly alpha-helical in both aqueous and hydrophobic environ-
ments, whereas the three tryptophan derivatives were alpha-
helical in a hydrophobic environment only, and that MA-d was
a random coil regardless of the chemical environment (Table
2; Fig. 1). Incremental tryptophan substitutions decreased the
degree of helicity of the de novo-designed peptides. This con-
clusion is reasonable, as tryptophan residues have lower helical
propensities than leucine residues (0.28 kcal/mol less than that
of leucine) (28). The extended structure of MA-d may be
insufficient to establish strong electrostatic and hydrophobic
interactions with components of microbial membranes. Losing
the distinct hydrophobic and hydrophilic faces of these pep-
tides may therefore be critical to their bioactivity in terms of
oligomerization and other membrane-disrupting activities.

Many of the design principles used during this study have
never before been combined. The bioactivity data are sugges-
tive of the importance of N-terminal glycine caps in concert
with tryptophan substitution for the design of potent, nonhe-
molytic alpha-helical cationic AMPs (Table 3; Fig. 4). The
inactivity of the AMPs against E. coli, S. aureus, MRSA, and C.
albicans may be attributed to the presence of proteolytic en-
zymes (1, 22, 38), a mode of pathogenic resistance that has yet
to be elucidated fully in relation to AMPs. Moreover, multi-

TABLE 3. Comparison of MICs obtained by a turbidity assay in which increasing concentrations of peptides were
incubated with each microorganism for 24 ha

Peptide

MIC (�g/ml) (mean 	 SD)

E. coli S. enterica serovar
Enteritidis P. aeruginosa S. aureus MRSA C. albicans

Pep-1 ��500 	 10 �500 	 10 �500 	 10 �1,000 ��500 	 10 �1,000
MA-d �1,000 �1,000 �1,000 �1,000 �1,000 �1,000
MAw-1 �1,000 �100 	 10 �100 	 20 �100 	 20 �100 	 10 �100 	 20
MAw-2 �530 	 20 �530 	 20 �530 	 20 �530 	 20 �1,000 �5.8 	 0.3
MAw-3 �74 	 1 �74 	 1 �74 	 2 �74 	 3 �1,000 �7.4 	 0.1

a The MIC was defined as the concentration resulting in �85% lysis compared to that in control cultures. Pep-1 showed minimal activity against E. coli and MRSA.

FIG. 3. Turbidity assay results with decreasing concentrations of MAw-1 (from left to right, 1,000 �g/ml to 0.01 �g/ml) against P. aeruginosa.
Samples were taken in triplicate. Note that the highest concentration of peptide did not produce the greatest amount of lysis. This effect may have
been caused by the activation of one or more defense mechanisms against the peptide. In addition, it is also possible that MAw-1 interacts optimally
with itself to induce killing at 100 �g/ml.
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drug efflux pumps may also have contributed to resistance
against the de novo AMPs (10). Furthermore, some AMPs
have been reported to trigger pathways that result in an in-
crease in the stability of the outer acidic surfaces and/or cyto-
plasmic membrane. For example, P. aeruginosa and S. enterica
serovar Enteritidis are particularly difficult to treat with anti-
biotics due to their use of the PhoP/PhoQ two-component
regulatory system that is triggered in response to a decrease in
the LPS-associated Mg2� concentration (21). This microbial
defense mechanism (or one very similar to it) may have re-
sulted in the phenomenon shown in Fig. 3. This phenomenon
may also be explained by the AMP demonstrating concentra-
tion-dependent oligomerization: perhaps the AMP interacted
optimally with itself to lyse pathogens at lower concentrations.
Another possibility might be that the peptide was primarily
bacteriostatic at the lower concentration.

Regarding the higher-than-expected hemolytic activity of
MAw-1 (Fig. 4), it is possible that this peptide strikes a balance
between the conflicting factors of helicity and hydrophobicity.
Recall that MAw-1 exhibited a maximum hemolysis value of

FIG. 4. Hemolytic activities of de novo peptides after 1 h of incu-
bation with erythrocytes. Hemoglobin leakage was measured by read-
ing absorbances at 541 nm. All peptides exhibited minimal hemolysis
(18% maximum hemolysis at 3.4 mg/ml [3,400 �g/ml]), and as a result,
minimal hemolytic concentrations were unable to be calculated. Min-
imal hemolytic concentrations were defined as �85% hemolysis.

FIG. 5. Representative TEM immunogold images of S. aureus cells incubated with MAw-1 (10 h). (a, b, and c) Control samples (no peptide-no
primary antibody-secondary antibody, no peptide-primary antibody-secondary antibody, and peptide-no primary antibody-secondary antibody,
respectively). (d and e) Experimental samples containing peptide and primary and secondary antibodies. Peptides did not appear to interact
preferentially with DNA, as designated by “N” (nucleoid). Bacterial replication seemed to have arrested. Widespread membrane disruption
occurred despite the paucity of peptides associated with the membrane. The black arrows in panel e indicate membrane disruptions that may be
attributed to adjacent peptides (black boxes). Bars, 0.5 �m.
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17% and that MAw-2 and MAw-3 produced maximum hemo-
lysis values of 5.0% and 18%, respectively (Fig. 4). The strong
degree of helicity in MAw-1 (as outlined by the CD and NMR
data) may allow for better penetration of the C-terminal tryp-
tophan residue and therefore a more efficient mechanism of
attack against the zwitterionic membrane of erythrocytes. To
our knowledge, the possibility that some AMPs could use he-
licity to enhance the membrane permeabilization activity of
C-terminal tryptophan residues has never before been ex-
plored.

Because these peptides demonstrated minimal hemolysis as
well as potent antimicrobial activity (excluding MA-d), they
hold great promise as pharmaceutical agents (particularly
MAw-1, MAw-2, and MAw-3). All three of these peptides
exhibited a broad spectrum of activity against Gram-negative
and Gram-positive cells and eukaryotic yeast cells. The fact
that MAw-2 and MAw-3 were active against C. albicans, with
MICs in the �g/ml range, is very exciting indeed.

The MAw-1 peptide is too short (�2.25 nm) to span the
cytoplasmic membrane, which is �8 to 9 nm in diameter (30).
Because of this fact, it is unlikely that MAw-1 lyses cells via
transmembrane pore formation. Rather, MAw-1 may follow a
toroidal model or some derivative thereof (note that the carpet
model is merely an extreme case of the toroidal model, and it
is also excluded from this discussion due to the observation
that few peptides were found associated with the bacterial
cytoplasmic membrane). Figure 5c to e demonstrated that S.
aureus suffered extensive membrane deformation despite there
being few membrane-associated peptides. Thus, the question
remains as to why no cell contained concrete evidence of in-
teracting peptides (or pore formation) within the cytoplasmic
membrane. The discussion outlined below aims to answer this
question by proposing the following mechanism of attack for
MAw-1 against S. aureus (Fig. 6): (i) MAw-1 forms small (�3
peptides), dynamic toroidal pores within the cytoplasmic mem-
brane which stress the hydrophobic/electrostatic-rich informa-
tion of available membrane components (�10 h of incuba-
tion); (ii) the subsequent increase in membrane disorder and
hydrophobic/electrostatic-rich information leads to the rapid
kinetic and thermodynamic recruitment of nearby unbound
peptides (�10 h of incubation); (iii) this “floodgate” effect is
limited as the number of peptides available for pore formation
decreases over time, which in turn favors pore dissipation and
the rapid release of previously membrane-bound peptides into
the cytosol (�10 h of incubation); (iv) following the dissipation
of most pores, only toroidal “gaps” or remnants of toroidal
pore activity remain (10 h of incubation, the time at which
TEM images were captured); (v) toroidal gaps become exag-
gerated over time due to the continuous leakage of cellular and
extracellular contents (�10 h of incubation); and (vi) cytoplas-
mic membranes collapse (�24 h of incubation).

First, although AMPs have been reported to randomly “flip”
into the cytosol, these events are believed to be quite rare (30).
Even if the flip-flop model of AMP entry is more common than
initially proposed, it is unlikely that such an event would be
wholly responsible for full cellular lysis at �24 h of incubation,
as the disruptions in membrane potential following each pep-
tide flip should rapidly dissipate once the peptide has reached
the cytosol. It is also unlikely that MAw-1 “leaks” into mem-
branes as many hydrophobic AMPs do, as MAw-1 has a dis-

tinct hydrophilic face that should prevent this process from
dominating. Excluding these two possibilities for MAw-1 entry,
we must once again address the toroidal model.

In general, toroidal pores are short-lived and highly dynamic
(24, 36). Using membrane simulations, it was recently reported
that just 3 melittin molecules (an alpha-helical cationic AMP
of 26 residues in length) may aggregate to form disorganized,
small (�1.5 nm in diameter), toroidal pores in artificial mem-
branes within �10 to 100 ns (36). Given such a high rate of
formation, it is possible that the collapse of these pores could
be just as rapid. Because so few peptides were found associated
with S. aureus membranes (Fig. 5c to e), it is unlikely that large
aggregates of MAw-1 were involved in the formation of to-
roidal pores as outlined by the traditional toroidal model. It
has also been proposed that pore dissipation may lead to the
translocation and influx of previously pore-associated peptides
into the cytosol (13, 24).

The exact kinetic and thermodynamic mechanisms for the
establishment and dissipation of toroidal pores have yet to be
elucidated fully; however, it is known that membrane-bound
peptides exist in equilibrium with unbound peptides and that
the membrane potential (EM, �125 mV) and the presence of
negatively charged, hydrophobic, and possibly even hydrophilic
membrane components could all serve as powerful driving
forces for the binding of peptides to the membrane (13, 24).
Membrane-bound peptides may induce a positive curvature
upon the membrane (pushing the lipid head groups apart) and
then a negative curvature to allow for toroidal pore formation
(6, 24, 37). Membrane curvature could very well lead to an
increase in the exposure of hydrophobic tails and/or electro-
static head groups of nearby phospholipids, thereby allowing
for an even greater energetic potential for the establishment of
peptide-membrane interactions.

We propose that this increase in the amount of hydrophobic/
electrostatic-rich information within the membrane could lead
to the rapid recruitment of nearby unbound peptides (�10 h
into incubation). However, this “floodgate” effect, in theory,
will become less prominent over time as the number of pep-
tides available for pore formation decreases. Once a threshold
concentration of membrane-bound peptides is reached, an in-
crease in membrane disorder could lead to an increase in the
number of peptide flip-flop events, a process that may play an
important role during the last stages of AMP attack. Further-
more, during pore dissipation, membrane-bound peptides
could migrate to the cytosolic leaflet before being released into
the cytosol due to shifts in thermodynamic and kinetic stability
(15, 16, 36), and possibly even due to changes in environmental
conditions (e.g., higher concentrations of salt within the cytosol
could disrupt the electrostatic disruptions of peptides bound to
the inner lining of toroidal pores).

Given the above discussion, it is possible that our TEM
images captured toroidal pore remnants or “gaps” 10 h into
incubation. That is, we likely just missed the rapid influx of
peptides as outlined by the proposed floodgate mechanism, a
process that appears to be in accordance with Huang’s mod-
eling of AMP cooperativity and the free energies associated
with pore formation (15, 16). In addition, it is also possible that
toroidal pores are relatively rare occurrences within the micro-
bial membrane in this instance. It is important that although
many TEM images were taken, there are millions of cells, each
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with a surface area of �6 �m (41), and that toroidal pores may
be as small as �1.5 nm in diameter (3, 36). This “needle-in-a-
haystack” problem may therefore have partially accounted for
the lack of membrane-associated peptides.

Once inside the cell, MAw-1 could interfere with a variety of
different cellular materials, including DNA, RNA, proteins,
lipids, and even smaller components such as divalent cations.
Because very few peptides were visualized within the nucleoid
region, it is unlikely that they interact preferentially with DNA;
however, without further studies, DNA–MAw-1 interactions
cannot be ruled out fully. The AMP-induced arrest in replica-
tion may have resulted from MAw-1 specifically interfering
with one or more of the many molecules involved with binary
fission (e.g., Fts proteins) and/or peptidoglycan synthesis (14).
Note that MAw-1 may therefore have a two-pronged mode of
attack that targets both cellular division and the integrity of the

cytoplasmic membrane. It is also possible that replication ar-
rested as a general defense mechanism against the peptide.

In conclusion, the relationships between sequence, struc-
ture, and antimicrobial and hemolytic properties of the de-
signed alpha-helical polycationic AMPs Pep-1, MA-d, MAw-1,
MAw-2, and MAw-3 were investigated. Using TEM immuno-
gold analysis, a novel mechanism of attack for short, poly-
cationic alpha-helical AMPs was put forth. This model is based
upon the formation of transient (small) toroidal pores, as well
as a “floodgate” and a phenomenon involving the free peptide/
available membrane component ratio that in theory would
limit the number and size of formed lytic pores.

Pep-1, MAw-1, MAw-2, and MAw-3 exhibited potent anti-
microbial activity as well as minimal hemolytic activity against
a broad spectrum of serious pathogens, and they could very
well someday serve as effective antibiotics. These peptides

FIG. 6. Proposed floodgate mechanism of attack for MAw-1 against S. aureus. Membrane-bound peptides exist in equilibrium with unbound
peptides. The membrane potential (EM) and the presence of negatively charged hydrophobic and possibly even hydrophilic membrane components
all serve as powerful driving forces for the binding of peptides to the membrane. Membrane-bound peptides induce a negative curvature upon the
membrane that allows for toroidal pore formation. This leads to an increase in the amount of hydrophobic/electrostatic-rich information available
to nearby peptides, thereby allowing for an even greater energetic potential for the establishment of peptide-membrane interactions. Over time,
the concentration of peptides available for pore formation decreases, thus favoring pore dissipation and the translocation of previously bound
peptides. Following toroidal pore dissipation, pore remnants or “gaps” remain, eventually leading to cellular lysis.
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were carefully created using design principles that have never
been used. In particular, this study suggests that N-terminal
glycine caps should seriously be considered part of an alpha-
helical AMP design principle. If these peptides are to someday
become effective antibiotics, then future work should focus
upon the determination of the immunomodulatory effects of
these peptides, as well as other cytotoxic effects. A TEM im-
munogold time series would provide invaluable insight into the
mechanism of action of these fascinating AMPs. Other studies
might focus upon determining whether specific bacterial tar-
gets exist for these AMPs.
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